ABSTRACT: A rapid and simple magnetic particle-based immunoassay has been demonstrated in a capillary mixing system. Antibody-coated micrometer size superparamagnetic polystyrene (SPP) particles were used in an assay for rabbit IgG in a sandwich (noncompetitive) format. The kinetics of the assay was compared between a plate-based system and a single capillary tube. The interaction between the antigen (R-IgG) and the antibody (anti-R-IgG) that was carried by the SPP particles in a rotating capillary was tested under a stationary magnetic field. Competing magnetic and viscous drag forces helped to enhance the interaction between the analyte and the capture antibodies on the particles. The dimensionless Mason number (Mn) was employed to characterize the magnetic particle dynamics; a previously determined critical Mason number (Mn c ) was employed as a guide to the appropriate experimental conditions of magnetic field strength and rotational speed of the capillary. The advantage of the rotating capillary system included a short assay time and a reduced reactive volume (20 μL). The results show that the immunoassay kinetics were improved by the formation of chains of the SPP particles for the conditions that corresponded to the critical Mason number.
A n immunoassay is a highly sensitive detection method that uses the specific interactions between antigens (the analytes) and their corresponding antibodies. It is popularly used to analyze biomolecular interactions in a 96-well plate in the conventional format. The enzyme-linked immunosorbent assay (ELISA) is one example of this format. A large effort has been expended over the years to speed up the conventional immunoassay. For example, flow-based assays have been developed to improve the rate of binding between capture and antibodies and target. 1 Miniaturization of the format has also played a key role in improving assay handling, in providing desktop automation, reduced costs, faster assay times, and increased sensitivity. 2 Microfluidic systems have been commonly adopted in biological assays, 3 immunoassays, 4 and DNA separation and analysis, 5 as well as environmental monitoring 6 due to their rapid assay time, reduced reagent consumption, integrated multiple assay steps, and cost effectiveness. 7 A microchip has also been employed in immunoassay to improve the microfluidic system to reduce analysis time. 8 Magnetic particles (MPs) have been applied to develop fast and miniaturized bioassays because nano/microparticles offer a high surface to volume ratio and enhanced fluid-phase kinetics for biomolecular binding. 9 The magnetic properties of the MPs enable fast and easy magnetic separation of captured analyte. In addition, MPs can be easily manipulated using magnetic fields to generate effective mixing 10 and requiring a smaller amount of antibody 11 with sensitive detection. 12 MPs were demonstrated as micro-and nanomixers in microfluidic systems. 13 Mixing and rapid analysis of fluids are important challenges in current microfluidic systems because the interaction between reagents in the fluid is limited by the laminar flow and small diffusivities 14 of relatively large biomolecules. MPs in a rotating magnetic field have been studied by several groups to improve mixing. Magnetic particle chain formation was used for accelerated transport in fluids. 15 Kang et al. 16 studied chaotic mixing induced by chains of magnetic particle. Superparamagnetic polystyrene (SPP) particle chains were demonstrated to enhance mixing in small liquid volumes under a rotating magnetic field. 12 However, rotating magnetic fields that are created by electromagnets can lead to undesirable heat generation; biological reactions are sensitive to temperature changes that can confound the measurement. The system is bulky and offers limited optical access. In order to avoid some of the undesirable aspects of a rotating magnetic field, we have explored the inverse system: a rotating capillary tube in a stationary magnetic field.
Initially, SPP particles are uniformly dispersed single particles; once SPP particles are exposed to an external magnetic field, SPP particles acquire magnetic dipole moments (m) to form chains and align with the field direction.
Here, a is the particle radius, χ is the particle susceptibility, μ o is the magnetic permeability of vacuum, and H o is an external magnetic field of magnitude. A dimensionless Mason number, the ratio of viscous force to magnetic force, can be used to characterize the magnetic particle dynamics in a rotating magnetic field. 16, 17 The Mason number can similarly be used to characterize the dynamics of SPP particles and the mixing effect in a rotating capillary system. 18 In this study, we define our dimensionless Mason number (Mn) similar to Biswal and Gast 19 as
where η is the viscosity of the fluid, ω is the angular velocity of the capillary tube, μ 0 is the magnetic permeability of vacuum, χ is the particle susceptibility, and H o is the external magnetic field strength. At a higher Mn, viscous forces are dominant; therefore, particle chains starts to break-up. 20 Previously, we established a critical Mn (Mn c = 0.012) for a stationary magnetic field with a rotating capillary tube.
This paper explores the speed advantage of mixing in a stationary magnetic field and rotating capillary tube by studying the kinetics of an immunoassay using antibodies immobilized on the surfaces of SPP particles; the sensitivity and limit of detection were not the focus of this study. By rotating the capillary, the particle−liquid interaction is enhanced with increased mixing efficiency and molecular binding rates. In addition, the rotation of the capillary can be stopped to hold the magnetic particles against the tube wall while washing proceeds, followed by resumed rotation of the capillary for the following steps of the assay, leading to a simple, easily controlled format for bioassays. The mixing effect is demonstrated in the present work by application of an immunoassay at different Mason numbers.
■ EXPERIMENTAL SECTION
Materials and Reagents. The SPP particles (Dynabeads M-280, 10 mg/mL, Carlsbad, CA) were coated with purified sheep antirabbit IgG primary antibodies. Rabbit IgG was used as the antigen, and antirabbit IgG−horseradish peroxidase (HRP) conjugate was used as the secondary antibody. The mean particle diameter was d = 2.8 μm, density ρ = 1400 kg/ m 3 , and the particle susceptibility χ = 0.756. Tween 20 and bovine serum albumin (BSA) were obtained from SigmaAldrich (St. Louis, MO); biotin was obtained from Thermo Fisher Scientific (Rockford, IL). Phosphate buffer saline (PBS) (pH = 7.5) was 1 mM phosphate buffer saline. PBST is PBS with 0.05% Tween 20 (v/v). The particle surface was blocked with 1 mL of 3% BSA/PBS for 1 h in a rotating mill.
■ IMMUNOASSAY
Magnetic Particle-Based Immunoassay in a 96-Well Plate. The rabbit IgG assay was run in a 96-well plate as a point of comparison with our rotating capillary scheme. The SPP particle-based sandwich ELISA was performed with a particle concentration of 0.06% wt. 18 Nunc Maxisorp 96-well plates (Nunc-immuno plate, Roskilde, Denmark) were blocked with 3% BSA/PBS. The stock (10 mg/mL in PBS/BSA) solution of rabbit IgG, derived from goats (diluted to 50 pg/ mL−50 μg/mL), was used for determining the standard curve. To each sample well, 50 μL of magnetic particles and 50 μL of rabbit IgG of predetermined concentrations were added, and the mixture was incubated at room temperature for 1 h on a plate orbital shaker. Nonspecifically bound secondary antibodies were removed by applying a magnetic field to isolate the particles followed by washing with PBST (PBS plus 0.05% Tween 20) three times. Then, 100 μL of antirabbit IgG− horseradish peroxidase (HRP) conjugate (Sigma, St.Louis, MO) was added to each well, and the solution was incubated for 1 h on a plate orbital shaker. A colorless HRP substrate buffer was prepared by adding 400 μL of 0.6% TMB (tetramethylbenzidine) in dimethyl sulfoxide (DMSO) and 100 μL of 1% hydrogen peroxide (H 2 O 2 ) to 25 mL of citrate− acetate buffer. This HRP substrate buffer was added and incubated for 15 min, and the solution turned blue. The intensity of the color was proportional to the concentration the rabbit IgG. Finally, 50 μL of 2 M H 2 SO 4 was added as a stop solution to change the color to a stable yellow. ELISA absorbances at 450 nm were measured with a Spectramax M2 plate reader (Molecular Devices, Menlo Park, CA). Samples were run in triplicates.
Rotating Capillary Tube Immunoassay. A simple rotating capillary system in a constant magnetic field was designed for a fast immunoassay. A disposable borosilicate capillary tube (outside radius = 4 mm, inside radius (r c ) = 2.3 mm) was used in all the experiments. Two permanent rectangular (50.8 mm long; 12.7 mm wide and 3.17 mm thick) neodymium−iron−boron magnets (Magcraft, Vienna, VA) were placed symmetrically on either side of capillary tube, such that the axis perpendicular to the largest area of the magnet and the corresponding magnetic field was perpendicular to the axis of the capillary tube. The capillary tube was attached to an electrically controlled motor (Tamiya, Japan). The schematic experimental setup is shown in Figure 1 . The strength of the magnetic field was controlled by changing the distance between the two magnets; the maximum magnetic field of 300 mT was measured with a Gauss meter (Transcat, NY). The uniformity of the magnetic field (3.4−300 mT) was confirmed both experimentally and numerically (Vizimag 3.193) (Figure 2 ).
The capillary tube was rinsed with PEG (polyethylene glycol) solution to prevent adhesion of the particles onto the inner wall of the tube. The SPP particles were diluted to 0.06% wt in 1 mM PBS (Phosphate buffered saline) solution; a volume of 20 μL of suspension was used in all experiments. The particles were freely suspended in buffer solution in the absence of a magnetic field. The application of a uniform magnetic field induced the formation of chains of particles. For the rotation experiments, the capillary tube was subjected to a steady rotation with angular velocities, ω, between 0.73 and 0.80 rad·s −1 . The initial condition for all experiments consisted of uniformly dispersed single particles. The magnetic field and rotation of the capillary tube were then applied to test the immunoassay performance. The time dependence (kinetics) of the incubation conditions was investigated to understand the mixing efficiency. When the analyte is added, the magnetic field and rotation of capillary were applied simultaneously at t = 0. The immunoassay for rabbit IgG was carried out with 0.06% wt/v in PBS buffer solution. Kinetics experiments were carried out with constant rabbit IgG concentration (50 pg/mL) in 40 μL volume. This concentration was chosen for all of the capillary work because it is at the limit of detection that we determined the 96-well plate ELISA. A simple protocol was followed to run an experiment: a micropipet was used to introduce the SPP particle solution into the open capillary tube, followed by the analyte solution for the first incubation; a secondary antibody−HRP conjugate (40 μL) was then pipetted into the capillary for the second incubation step. After the first incubation, the binding of antigen with the primary antibody, the SPP particles were held on one side of the stationary capillary tube by the external magnet while the remaining solution was washed with PBST to remove unbound antigen, in a similar manner to that used with magnetic particles in a 96-well plate. Then, particles were redispersed in buffer solution− PBS (20 μL) with rotation of the capillary prior to the second incubation step.
The binding of antigen and the primary antibody was investigated for different Mns. The Mn was changed by changing the rotation speeds and external magnetic fields. The IgG was quantified by detecting the light absorption of the solution. The absorptivities were measured and analyzed for different incubation times from 5 to 80 min. The light absorption was proportional to the amount of rabbit IgG concentration since the HRP was conjugated to the secondary antibody.
The schematic diagram of the sandwich immunoassay experiment is shown in Figure 3 . For quantification of the rabbit IgG, a white light-emitting diode (LED) source was focused on the 40 μL volume in the capillary using a cylindrical lens (Thorlabs, NJ) such that the volume of the solution was completely exposed to the light. The absorption from the particle complex was measured by focusing the transmitted light on the opposite side of the capillary tube onto the PMT (Photomultiplier tube, H10721, Hamamatsu, Japan) detection system. The current output from the PMT was measured by a Pico-ampere meter (Keithley, OH). The obtained signal intensities were normalized against the maximum signal intensity at t = 0. A laboratory DC power supply (GPS-3030D, GW, Taiwan) was used to power the LED and the PMT. Conditions for the plate-based and for the capillary-based experiments are presented in Table 1 .
■ RESULTS AND DISCUSSION
The 0.06% concentration of SPP particles was held constant with different volumes in a microtiter 96-well plate to generate a standard immunoassay curve with a plate reader (Figure 4 ). The curve was used to determine the limit of detection of the assay in this format; the concentration of analyte at the limit of detection was used for subsequent comparison of the kinetics of this assay in the capillary-based assay. Although 100 μL was the minimum volume required to generate data from the microtiter plate, 40 μL was sufficient to perform the experiment in the capillary tube. The SPP particle concentration of 0.06% was chosen as it was established to be a good concentration for mixing in our previous studies. 18 As a negative control, we used only secondary antibody−HRP conjugates without analyte; the control in all cases showed negligible nonspecific interactions. From Figure 4 , the limit of detection for the detection of rabbit IgG was established to be about 50 pg/mL, based on the lower end of the linear range of detection. This concentration was three times the standard deviation of the negative control. We used the concentration of IgG at the limit of detection for the subsequent measurements in the rotating capillary system.
Effect of Rotation and Magnetic Field on the Binding Kinetics in a Capillary Tube. The antirabbit IgG coated MPs were tested in the rabbit IgG assay with capillary rotation at a concentration that conforms with the limit of detection found in the 96-well plate ELISA. Our focus here is simply on comparing the kinetics of the assays so all the capillary measurements were performed at this concentration of analyte, although a standard curve could be generated by using different analyte concentrations. Measurements of absorbance are indicative of analyte concentration. The absorbance data shown in Figure 5 , after the reaction is complete at about 1 h, indicate that the standard deviation (based on triplicate measurements) is relatively small. The sensitivity of the capillary system is at least as good as the 96-well format.
Our focus is on the impact of the motion of the magnetic particles on the speed of the assay. The interaction of magnetic particles is strongly dependent on the distance (F interaction ∝ 1/ r 4 ) between particles and depends on particle concentrations. 19 In the capillary rotation experiment, the particles interact with each other in the suspension; their assembly into long chains is governed by competing viscous forces and magnetic forces. Owing to the low Reynolds number, the primary antibody- coated magnetic particles would require a long time to capture analytes, even in a small volume. The ratio of the viscous and magnetic forces can be tuned (as described by the Mn) to achieve enhanced mixing when the binding is diffusion limited. Figure 5 shows the difference in the binding kinetics for the conditions where the tube is rotating and where it is stationary. The binding between antibodies and antigen is considerably enhanced when the capillary tube is rotated in the stationary magnetic field. From our previous results, we expect that chains of magnetic particles will form at this value of Mn without the formation of dense aggregates. Single particles in suspension offer little assistance in mixing because they follow the fluid with great fidelity. On the other hand, chains undergo a rotation in the fluid, sweeping out a volume of the fluid and intercepting free analyte in solution. This is the condition that we aim for in order to enhance mixing and reaction without the loss of active binding sites that occurs when particles aggregate into lumps.
Comparison of Assay Kinetics in a 96-Well Plate and in the Rotating Capillary. The kinetic of a magnetic particlebased ELISA assay in a 96-well plate was examined by collecting a time course of the assay. Generally, the antigen− antibody interaction is a very fast biomolecular reaction. The antigen−antibody interaction as a biomolecular reaction can be described by: . The reverse reaction rate (k -o ) is very low, and the reaction can therefore be regarded as quasiirreversible. 21 The ratio between the chemical reaction rate and the relative rates of diffusion is described by the Damkoḧler number, Da. A small Damkoḧler number signifies that the chemical reaction is slow compared to the rate of diffusion. A large Damkoḧler number indicates that the chemical reaction is fast compared to the rate of diffusion and the reaction is limited by diffusion. Applying the antibody reaction rate and the diffusion coefficient of an antibody (a representative value for an IgG antibody or protein antigen is 4 × 10 −11 m 2 s −121 ), the Damkoḧler number was about 7 × 10 5 for the rotating capillary system. Thus, the magnetic particle-based ELISA is limited by diffusion. Butler 22 observed that diffusion has a strong effect on the assay kinetics in the microtiter plate immunoassays based on microparticles; the immunoreaction reached equilibrium after 60−300 min of incubation time. 23 We would expect, therefore, that an improvement in mixing should enhance the kinetics of the assay.
The immunoassay assay kinetics was indeed improved by running the assay in the rotating capillary within a stationary magnetic field (Figure 6 ). The light absorption due to the formation of the IgG−IgG complex in the rotating capillary reached equilibrium faster than in a conventional 96-well plate analysis due to the improved interaction between the fluid and the rotating magnetic chains that carried the primary antibody. At an incubation time of 30 min, the relative signal intensity was enhanced by over a factor of 11. A detectable signal was obtained within 10 min of incubation time in the capillary experiment.
In order to clearly determine the impact of mixing on the kinetics of the immunoassay, the assay was run at three Mason numbers (Mn), ranging from 6.1 × 10 −3 to 1.9 × 10 −2 . The results are shown in Figure 7 , and conditions for the three Mason numbers are presented in Table 2 . The interaction of magnetic particles with analyte reached equilibrium faster (after 50 min) when the Mn was close to the critical Mn c = 0.012. Above this critical value of Mn, the kinetics of the immunoassay was negatively impacted. When the Mn is increased above the critical value, chain length decreases due to the increased disruptive impact of viscous drag on particle chains relative to the interparticle magnetic forces that keep chains intact. We have previously measured average chain lengths using video microscopy (data not shown) and found that particle chains begin to break at the Mn c = 0.012. At high Mn, viscous forces dominate chain formation and the particles exist as single entities that follow the fluid exactly, with no effect on mixing. At a lower Mn, particles form chains in the magnetic field. The particle chains do not follow the fluid but rather they sweep out a volume of fluid as they rotate to maintain their alignment with the external magnetic field. The sweeping action reduces the limitation of diffusion and improves the interaction between antibodies on the particles and the analytes in solution. If the Mn is reduced too much, particle chains will collapse into aggregates that lose surface area and available binding sites. The results suggest that it is possible to find an optimum Mn that supports enhanced assay kinetics with magnetic particles.
■ CONCLUSIONS
A sandwich enzyme-linked immunosorbent assay, with capture antibodies attached to magnetic beads, was evaluated in a rotating capillary subjected to a constant external magnetic field with varying rotation speeds and hence varying Mason numbers (Mn). The rotating capillary system improved the performance of the assay by reducing the reaction volume (by 2. 
